More than thirty years ago, Tucker, Jensen, Biesele and colleagues made the seminal observations that "centriole ciliation" is associated with quiescence [@R1], [@R2], while deciliation is associated with entry into the cell cycle [@R3], [@R4]. It is now recognized that almost all ciliated cells follow this paradigm with ciliogenesis and cell cycle progression being mutually exclusive processes [@R5], [@R6]. However, the molecular mechanisms coordinating these two processes are only recently starting to emerge. Much of the evidence connecting the two processes comes from observations that ciliary and centrosomal proteins can affect both the cilia and the cell cycle. Specifically, IFT88/polaris and IFT27 [@R7], [@R8], which are components of the intraflagellar transport machinery required for assembly of cilium/flagellum [@R9], have also effects on the cell cycle. Mutations in the ciliary phosphatase Inpp5E result in cilium destabilization and faster cell cycle re-entry in response to growth factor stimulation [@R10], [@R11]. Ciliary resorption mediated through a HEF1-Aurora A-HDAC6-dependent mechanism precedes cell cycle re-entry [@R12]. Centrosomal protein CP110 suppresses ciliogenesis through interactions with Cep97, CEP290, and Rab8a [@R13], [@R14] or centriolar length through interactions with CPAP [@R15]--[@R17]. The expression of both CP110 and CPAP is cell cycle-dependent [@R16], [@R18]. The cell cycle-regulated protein, Missing-in-Metastasis (MIM), functions antagonistically to the actin regulator cortactin to maintain a normal level of ciliogenesis [@R19]. Finally, a subset of centrosomal proteins have been shown to be required for both cell cycle progression and ciliogenesis [@R20].

Nuclear distribution gene E (NudE) was first identified in the filamentous fungus, *Aspergillus nidulans*, as an essential component in nuclear migration via a genetic interaction with the dynein holocomplex [@R21]. The mammalian ortholog of NudE, Nde1, is a centrosomal phosphoprotein with reported roles in mitosis [@R22]--[@R25] and interphase [@R26], [@R27]. Homozygous deletion of *Nde1* in mice causes microcephaly due to impaired cortical neurogenesis [@R23].

Results {#S1}
=======

Nde1 negatively regulates ciliary length {#S2}
----------------------------------------

Immunofluorescence staining of Nde1 in NIH-3T3 cells revealed expression at one of the two centrioles ([Fig. 1a](#F1){ref-type="fig"}). To test for a possible role of Nde1 in ciliogenesis, Nde1 was knocked down in NIH-3T3 cells by stable integration of a shRNA construct. Two cell lines, NIH-3T3^Nde1-KD1^ and NIH-3T3^Nde1-KD2^, were generated with different levels of Nde1 knockdown ([Fig. 1b](#F1){ref-type="fig"}). Cilium formation in NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells was induced by serum starvation. At all time points following serum starvation, NIH-3T3^Nde1-KD2^ cells had longer cilia compared to NIH-3T3^WT^ cells ([Fig. 1c](#F1){ref-type="fig"}; [Supplementary information, Fig. S1a-d](#SD1){ref-type="supplementary-material"}). Partial depletion of Nde1 in NIH-3T3^Nde1-KD1^ cells had an intermediate effect on cilium length, between that observed in NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells ([Supplementary Information, Fig. S1a-d](#SD1){ref-type="supplementary-material"}). Transient knockdown of mouse Nde1 in freshly isolated primary embryonic cortical neurons or human Nde1 (hNde1^KD^) in retinal pigment epithelial cells (RPE1-hTERT) resulted in similar results as in NIH-3T3^Nde1-KD2^ cells ([Fig. 1e-i](#F1){ref-type="fig"}). To test whether depletion of Nde1 might have affected exit from the cell cycle that could account for the enhanced ciliogenesis, control or Nde1-depleted RPE1-hTERT cells were arrested in mitosis (M) and allowed to progress to G0. Ki-67 labeling, which marks cells in all phases of the cell cycle except G0, showed no difference in the percentage of cells exiting the cell cycle or entering G0 between control and Nde1-depleted RPE1-hTERT cells ([Fig. 1j](#F1){ref-type="fig"}), suggesting that faster entry into G0 could not account for the formation of longer cilia induced by the depletion of Nde1.

To confirm the specificity of Nde1 knockdown on cilium formation, we expressed flag-tagged human Nde1 (f-hNde1) in NIH-3T3^Nde1-KD2^ cells ([Fig. 2a](#F2){ref-type="fig"}). Re-expression of Nde1 rescued ciliary length ([Fig. 2b](#F2){ref-type="fig"}). Moreover, we observed that f-hNde1 had a dosage-dependent effect on [ciliary length]{.ul}. Cells expressing the highest amount of f-hNde1 had stumpy cilia ([Fig. 2c](#F2){ref-type="fig"}, panels *g, l*), while cells expressing the lowest levels of f-hNde1 had cilia of a size similar to NIH-3T3^WT^ cells ([Fig. 2c](#F2){ref-type="fig"}, panels *c-d, h-i*). Intermediate levels of f-hNde1 expression showed bulged and stumpy cilia ([Fig. 2c](#F2){ref-type="fig"}, panels *e-f, j-k*). As bulged cilia are also formed by loss-of-function mutations in subunits of dynein mediating intraflagellar transport (IFT) [@R28]--[@R30], we hypothesized that Nde1 may function antagonistically to the dynein complex in suppressing cilium length.

DYNLL1/LC8 as an effector of Nde1 {#S3}
---------------------------------

The dynein light chain, DYNLL1/LC8 (LC8), has been shown to interact with Nde1 [@R22], [@R24]. LC8 also associates with retrograde IFT components [@R31] and is required for formation of flagella in *Chlamydomonas reinhardtii* [@R29]. In this organism, loss of LC8 leads to short or stumpy flagella [@R29], reminiscent of the short cilia we have seen upon Nde1 overexpression ([Fig. 2c-d](#F2){ref-type="fig"}). To determine whether Nde1 exerts its ciliary effect through interaction with LC8, we engineered mutants of Nde1 that disrupt association with LC8. Nde1 contains two coiled-coil domains at its N-terminus that mediate homodimerization and interaction with Lis1 ([Fig. 2e](#F2){ref-type="fig"}), the protein product of the gene mutated in type 1 lissencephaly, and a component of cytoplasmic dynein [@R32]. The centrosomal localization sequence and the LC8 binding domain in Nde1 have been loosely mapped at its C-terminus [@R24]. The N-terminal fragment of Nde1, Nde1^(1--180)^, fails to localize at the centrosome, binds full-length Nde1, and functions as a dominant negative allele by sequestering endogenous Nde1 away from the centrosome [@R23]. It also fails to interact with LC8 ([Supplementary information, Fig. S2b and 3](#SD1){ref-type="supplementary-material"}). In a separate construct, we engineered two point mutations in the coiled-coil domains of Nde1, Nde1^(L135P/F138P)^, that rendered Nde1 unable to homodimerize or interact with Lis1, but maintained interaction with LC8 ([Supplementary information, Fig. S2c](#SD1){ref-type="supplementary-material"}).

Cells transfected with Nde1^(1--180)^ had abnormally long cilia, mimicking the ciliary phenotype of NIH-3T3^Nde1-KD2^ cells ([Fig. 2d](#F2){ref-type="fig"}; [Supplementary information, Fig. S3a-b](#SD1){ref-type="supplementary-material"}), while cells transfected with Nde1^(L135P,\ F138P)^-myc showed stumpy cilia ([Fig. 2f](#F2){ref-type="fig"}) similar to cells transfected with wild type Nde1 ([Fig. 2d](#F2){ref-type="fig"}). These data suggest that the localization of Nde1 at the centrosome (basal body) and the C-terminus are essential for the suppression of cilium formation by Nde1 ([Fig. 2g](#F2){ref-type="fig"}).

Because of the previously reported role of LC8 in flagella formation [@R29] and its ability to bind to the C-terminus of Nde1 ([Supplementary information, Fig. S2](#SD1){ref-type="supplementary-material"}), we first tested whether LC8 could modulate the ciliary phenotype induced by Nde1 overexpression. Transiently expressed f-LC8 accumulated at the base of the cilium and suppressed the [effect of Nde1 on ciliary length]{.ul} ([Fig. 3a](#F3){ref-type="fig"}). Consistently, overexpression or knockdown of LC8 resulted in longer or stumpy (or in some cells, loss of) cilia, respectively, in both NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells ([Fig. 3b-f](#F3){ref-type="fig"}), suggesting that LC8 might function downstream of Nde1 in regulating [ciliary length]{.ul}. However, because LC8 overexpression did not quantitatively phenocopy the effect of Nde1 depletion on cilia ([Figs. 1d](#F1){ref-type="fig"} and [3e](#F3){ref-type="fig"}), it is possible that Nde1 may regulate the activity of other proteins, in addition to LC8, to suppress [ciliary length]{.ul}. In the case of LC8 though, one possibility would be that Nde1 regulates the amount of free LC8 through a physical interaction at the basal body. Thus, tethering LC8 at the basal body should result in [short or no cilia]{.ul}.

To artificially tether LC8 at the basal body, we generated a chimeric construct in which the conserved LC8 binding motif, KSTQTQD [@R33] was fused to the centrosomal localization sequence of AKAP450 (PACT domain) [@R34] in a GFP expressing vector (GFP-PACT-LC8/BS). As control, we replaced the LC8 binding site from GFP-PACT-LC8/BS with an irrelevant sequence (GFP-PACT) and confirmed loss of LC8 binding activity ([Supplementary information, Fig. S4a](#SD1){ref-type="supplementary-material"}). Both GFP-PACT-LC8/BS and GFP-PACT in NIH-3T3^WT^ cells showed specific localization at the centrosome ([Fig. 3g and h](#F3){ref-type="fig"}; [Supplementary information, Fig. S4b](#SD1){ref-type="supplementary-material"}). While overexpression of GFP-PACT in NIH-3T3^WT^ or NIH-3T3^Nde1-KD2^ cells did not affect ciliary morphology ([Fig. 3g](#F3){ref-type="fig"}; [Supplementary information, Fig. S4b](#SD1){ref-type="supplementary-material"}), overexpression of GFP-PACT-LC8/BS resulted in bulged or stumpy cilia ([Fig. 3h](#F3){ref-type="fig"}; [Supplementary information, Fig. S4b](#SD1){ref-type="supplementary-material"}). Interestingly, overexpression of Nde1 or GFP-PACT-LC8/BS did not cause dispersion of the Golgi apparatus ([Supplementary information, Fig. S5](#SD1){ref-type="supplementary-material"}), as is caused by knockdown of LC8 [@R26], suggesting that the effects seen here are specific to the centrosomal/basal body pool of LC8. We conclude that Nde1 [negatively regulates ciliary length]{.ul} by tethering endogenous LC8 at the basal body ([Fig. 3i](#F3){ref-type="fig"}).

Cell cycle-dependent regulation of Nde1 levels {#S4}
----------------------------------------------

Because we have shown that Nde1 [suppresses ciliary length]{.ul}, we examined its expression at the basal body during ciliation. In both NIH-3T3^WT^ and RPE1-hTERT cells, Nde1 expression gradually decreased over the course of serum starvation ([Fig. 4a-e](#F4){ref-type="fig"}; [Supplementary information, Fig. S6b](#SD1){ref-type="supplementary-material"}). Conversely, serum re-stimulation resulted in the upregulation of Nde1, coinciding with the expression of G1/S markers ([Fig. 4e](#F4){ref-type="fig"}; [Supplementary information, Fig. S6d](#SD1){ref-type="supplementary-material"}). To further test whether Nde1 levels were cell cycle-dependent, we used nocodazole to arrest cells in mitosis and then released them into the cell cycle in the presence of complete culture media. These experiments showed that Nde1 levels were increased in M and much reduced in G1 ([Fig. 4f](#F4){ref-type="fig"}), consistent with a role as a suppressor of ciliogenesis.

Depletion of Nde1 causes a delay in cell cycle re-entry {#S5}
-------------------------------------------------------

Next, we examined the effect of Nde1 depletion on the cell cycle ([Fig. 4g](#F4){ref-type="fig"}). Pulsed-labeling experiments using ethynyl-deoxyuridine (EdU) to identify DNA replicating cells, showed that knockdown of Nde1 resulted in a delay in EdU incorporation in NIH-3T3 or RPE1-hTERT cells ([Fig. 5a, b, f, and g](#F5){ref-type="fig"}). Immunoblot analysis of cell cycle markers also showed a delay in G1/S transition of Nde1 depleted cells ([Fig. 5h](#F5){ref-type="fig"}). Although ciliary resorption was evident in both NIH-3T3 and RPE1-hTERT EdU-positive cells ([Fig. 5c, d, i, and j](#F5){ref-type="fig"}), it was not completed in NIH-3T3 cells, suggesting that initiation rather than complete ciliary resorption precedes DNA replication in NIH-3T3 and possibly, other mesenchymal cell types. Moreover, the fact that ciliary length was similar in EdU-positive wild type and NIH-3T3^Nde1-KD2^ cells ([Fig. 5e](#F5){ref-type="fig"}) implies that cilia of a certain, minimal length can be present during DNA replication in NIH-3T3 cells.

Cilia-mediated effect of Nde1 on cell cycle progression {#S6}
-------------------------------------------------------

To test whether the delayed entry to S in cells with reduced levels of Nde1 was mediated through the presence of long cilia *per se*, we determined whether this delay could be overcome in cells unable to form cilia by disrupting IFT. RNAi-mediated knockdown of IFT88/polaris or IFT20 in NIH-3T3 or RPE1-hTERT cells ([Fig. 6a and b](#F6){ref-type="fig"}) suppressed cilia formation ([Fig. 6c and d](#F6){ref-type="fig"}) and reversed the effect of Nde1 depletion on the rate of cell cycle re-entry ([Fig. 6g and h](#F6){ref-type="fig"}), supporting the idea that Nde1 affected the rate of cell cycle re-entry through cilia.

It has been recently shown that an acute disruption of the actin cytoskeleton during serum starvation results in longer cilia [@R35]. We examined whether cytochalasin D (CD) treatment could induce a delay in G0/S progression that would be independent of Nde1 depletion. [Fig. 6e and f](#F6){ref-type="fig"} show that simultaneous knockdown of Nde1 and disruption of actin cytoskeleton led to cilia longer than the cilia induced by the knockdown of Nde1 or disruption of actin cytoskeleton alone, indicating that Nde1 regulates [ciliary length]{.ul} through a mechanism distinct from and synergistic with the mechanism induced by the disruption of the actin cytoskeleton. However, both modes of induction of longer cilia led to a delay in cell cycle re-entry ([Fig. 6g](#F6){ref-type="fig"}).

Because disruption of the actin cytoskeleton by CD has been reported to arrest cells in G1/S transition [@R36], we tested whether acute CD treatment could delay the timing of cell cycle re-entry in cells depleted of IFT20. Treatment of IFT20^KD^ RPE1-hTERT cells with CD did not have a significant effect on ciliation or the cell cycle profile during serum re-stimulation ([Supplementary information, Fig. S7](#SD1){ref-type="supplementary-material"}). These data suggest that the effect of a brief treatment of cells with CD on cell cycle re-entry is cilium-dependent in RPE1-hTERT cells.

Expression of a constitutively active form of the small GTPase Rab8a (Rab8a^Q67L^) results in longer cilia [@R37]. However its effect on cell cycle re-entry is unknown. Consistent with our data that longer cilia delay cell cycle re-entry, Rab8a^Q67L^ resulted in the formation of longer cilia ([Fig. 6i](#F6){ref-type="fig"}) and a delayed entry into S ([Fig. 6j](#F6){ref-type="fig"}). Altogether, these data showed that long cilia cause a delay in G0/S transition regardless of the means by which they were induced to form: depletion of Nde1, disruption of actin cytoskeleton, or stimulation of vesicle trafficking (Rab8a).

Nde1 controls ciliary length in zebrafish embryos {#S7}
-------------------------------------------------

To test whether Nde1 has similar effects in the context of a living organism, we used zebrafish as a model system. The Kupffer's vesicle (KV) is a highly ciliated, transient organ that is essential for the initiation of left-right asymmetry in the zebrafish embryo [@R38]. It is formed by the initial migration of about two dozen dorsal forerunner cells at around somite stages (ss) 4--5 and persists until 14ss [@R38]. We tested whether knockdown of *nde1* could lead to longer cilia in cells forming the KV. We confirmed that *nde1* was expressed at the basal body in ciliated cells of the KV (data not shown). [Fig. 7b and c](#F7){ref-type="fig"} show that depletion of zebrafish *nde1* resulted in longer cilia in both 6 and 10ss. These effects were specific to *nde1* depletion, as they were rescued by expression of the human *NDE1* mRNA ([Fig. 7a](#F7){ref-type="fig"}). Moreover, we found that the size of the KV was smaller in the 10ss of *nde1* morphants (*nde1* MO) ([Fig. 7b and f](#F7){ref-type="fig"}). Staining for atypical Protein Kinase C (aPKC) which marks the surface of the cells forming the KV revealed that the KV in *nde1* MO consisted of a smaller number of cells compared to wild type vesicles, while the [percentage]{.ul} of ciliated cells was similar ([Fig. 7b-e](#F7){ref-type="fig"}). Since reduced number of cells in the KV can arise from defects in cell proliferation and/or increased cell death, we stained wild-type or *nde1* MO embryos with TUNEL or phosphorylated histone H3 (pH3), to identify apoptotic or mitotic cells, respectively. We did not see differences in TUNEL staining at the KV ([Supplementary information, Fig. S8](#SD1){ref-type="supplementary-material"}), but observed a reduction in the pH3-positive cells in *nde1* MO embryos at 10ss ([Fig. 7f and g](#F7){ref-type="fig"}). These data led us to conclude that the KV consists of \~20 ciliated cells at early somitic stages and this cell population approximately doubles at later stages. Nde1 appears to be critical for the expansion of this cell population.

Ciliary defects induced by the depletion of Nde1 in zebrafish embryos {#S8}
---------------------------------------------------------------------

To determine whether depletion of Nde1 could result in left-right patterning defects, we examined the expression patterns of an early (*southpaw*) and late (*myl-7*) marker of left-right asymmetry in control and *nde1* MO. [Fig. 7h](#F7){ref-type="fig"} shows that depletion of *nde1* resulted in the randomization of *southpaw* expression at the lateral plate mesoderm at 14 hours post-fertilization (hpf). Expression of *myl-7* at 48 hpf revealed a significant increase in the proportion of embryos showing leftward or no heart looping, both indicative of left-right patterning defects ([Fig. 7i](#F7){ref-type="fig"}). Overall and in light of our cell culture data, we suggest that formation of longer cilia in *nde1* MO causes a delay in cell cycle progression, which in turn leads to a smaller KV due to a reduced number of cells forming the KV. This structural defect may account for the left-right patterning defects seen in *nde1* MO.

Discussion {#S9}
==========

In the present study, we provide evidence for a function of Nde1 in integrating ciliogenesis with the cell cycle. This conclusion is based on the following findings: First, Nde1 negatively regulates [ciliary length]{.ul} through a mechanism involving LC8. Second, Nde1 localizes at the basal body/centriole during interphase and shows a cell cycle-dependent expression that inversely correlates with ciliogenesis. Third, depletion of Nde1 leads to a delay in G0/S transition that correlates to the length of the primary cilium. These data lead us to propose a model in which the cell cycle controls ciliogenesis through the regulation of Nde1 expression levels, while the primary cilium influences the timing of cell cycle re-entry through its physical length.

Nde1 can interact with several proteins. We present evidence for a functional role of the Nde1-LC8 interaction in ciliogenesis. LC8 is a component of the retrograde IFT in *Chlamydomonas reinhardtii* [@R22], [@R24], [@R29] where it is required for formation of flagella, and has been localized to the human ciliary axoneme [@R39]. Here we show that tethering LC8 at the basal body suppresses the effect of Nde1 depletion on cilia, and overexpression of LC8 suppresses the phenotype induced by Nde1 overexpression. These data lead us to conclude that LC8 is likely to be a proximal effecter of Nde1 in the [regulation of ciliary length]{.ul}.

LC8 serves as a dimerization hub for proteins involved in several processes including organelle positioning [@R26]. We find that regulation of LC8 at the basal body by Nde1 serves a specific role in the regulation of ciliary morphology. A loss-of-function mutation in the retrograde IFT component, dynein heavy chain 2 (*Dnchc2*) in mice results in stumpy cilia, which phenocopies Nde1 overexpression. Thus, we speculate that the Nde1-mediated sequestration of LC8 at the basal body may negatively regulate the ability of retrograde dynein to contribute to cilium formation.

The centrosome plays critical roles in both (de)ciliation and the cell cycle, specifically at the G1/S transition [@R20], [@R40]. It is possible that Nde1 independently affects both of these processes through its presence at the centrosome. Alternatively, Nde1 could affect cilia formation indirectly, through its effect on the cell cycle. Here we provide several lines of evidence suggesting that the role of Nde1 in cell cycle entry depends directly on ciliation. First, depletion of Nde1 did not affect mitotic exit and/or entry to G0 making it unlikely that depletion of Nde1 could have promoted ciliogenesis due to an indirect effect on the cell cycle. Second, 24h of serum starvation resulted in longer cilia in Nde1 depleted cells compared to wild-type, while the number of ciliated cells was identical. This suggests that increased ciliary length rather than percentage of ciliated cells would most likely account for the delay in cell cycle re-entry induced by the depletion of Nde1. Third, knockdown of IFT88/polaris or IFT20 not only led to loss of cilia in both wild type and Nde1 knockdown cells, but also rescued the delay in cell cycle reentry induced by the depletion of Nde1. While it could be argued that IFT88/polaris might have rescued the Nde1-induced delay in cell cycle progression through its previously reported extraciliary effects on G1 to S transition [@R8], this argument cannot be made for IFT20, which has a strictly IFT-specific function in cell culture [@R41], [@R42]. Finally, induction of longer cilia by the ectopic expression of the constitutively active variant of Rab8a (Rab8a^Q67L^) or a brief disruption of the actin cytoskeleton, led to a delay in G1/S transition. Therefore, the Nde1-induced delay in cell cycle progression is most likely to be caused by the presence of abnormally long cilia.

The cellular consequences of abnormally long cilia have not previously been characterized. Here we show that they can influence the cell cycle by inducing a delay in G0/S transition. This observation has implications in the pathophysiology of microcephaly, a condition characterized by severe thinning of the later-formed superficial layers (II to IV) of the cerebral cortex. Deletion of *Nde1* in mice results in microcephaly [@R23]. This phenotype was originally explained by the mitotic defects caused by the loss of Nde1 leading to longer duration in neuronal progenitor cell division [@R23]. An alternative model suggested by our data predicts that an increase in ciliary length in *Nde1^−/−^* progenitor neurons may contribute to proliferative delays by prolonging exit from G1. This idea is supported by the formation of longer cilia in embryonic cortical neurons induced by the depletion of Nde1 [and the formation of smaller heads in]{.ul} *[nde1]{.ul}* [MO]{.ul} ([Supplementary information, Fig. S9](#SD1){ref-type="supplementary-material"}). Moreover, hippocampal neurogenesis is profoundly increased in mice with a conditional knockout of *Stumpy* due to the loss of primary cilia in hippocampal precursors [@R43]. Furthermore, mice with the *Bbs1^M390R/M390R^* mutation knocked in, which represents the most common mutation in Bardet-Biedl syndrome patients, show thinning of the cerebral cortex resulting in microcephaly [@R44]. Strikingly, these mice have a mixed pool of abnormally long and short primary cilia in neuronal precursors suggesting that a subpopulation of neuronal cells, perhaps the ones with longer primary cilia, may be responsible for the dysregulated neocortical development [@R44].

Methods {#S10}
=======

Cell culture {#S11}
------------

NIH-3T3, HEK293T and RPE1-hTERT cells were obtained from ATCC and maintained in Dulbecco's Modified Eagle's Medium (DMEM) plus 10% calf serum (NIH-3T3) or DMEM plus 10% fetal bovine serum (HEK293T and RPE1-hTERT). RPE1-hTERT cells with stable integration of a shRNA construct against IFT20 (IFT20^KD^) were cultured in DMEM plus 10% fetal bovine serum (gift from Dr. Greg Pazour).

Primary embryonic neurons {#S12}
-------------------------

E18.5 mouse embryonic brains were dissociated and prepared as described (Lonza); cortical neurons were resuspended in Neuron Nucleofector Solution and electroporated (Lonza) with GFP and an shRNA plasmid directed against mouse Nde1 and cultured in Neurobasal-A medium (Invitrogen) supplemented with GlutaMAX (Invitrogen) and B27 (Invitrogen). For immunofluorescence, cells were plated at a density of 100,000 cells per well in a 24 well plate containing poly-L-lysine-coated cover slips. Cultures were incubated in a humidified 37°C/5% CO2 incubator for 6 days before analysis. Transfected cortical neurons were identified by GFP- and doublecortin (DCX)- staining (goat α-DCX, Santa Cruz Biotechnology, 1:100) and primary cilia were visualized using a rabbit polyclonal antibody against adenylyl cyclase 3 (ACIII, Santa Cruz Biotechnology, 1:500).

Plasmids {#S13}
--------

Mouse and human Nde1 and human LC8 cDNA were obtained from Open Biosystems and was subcloned into a pFLAG-CMV-2 vector (Sigma). Mutant forms of Nde1 (Nde1^(1--180)^ and Nde1^(L135P,\ F138P)^) were generated using the QuikChange mutagenesis kit according to the manufacturer's instructions (Stratagene). Rab8a^Q67L^-GFP was a gift from Dr. Johan Peränen. A construct containing the PACT domain was obtained from Dr. Sean Munro.

RNAi {#S14}
----

A 64-mer mouse Nde1-specific oligomer (sense strand: 5′-GATCCCCGTTTGAGATGC AGCACTCATTCAAGAGATGAGTGCTGCATCTCAAACTTTTTGGAAA-3′) was used to generate a short hairpin Nde1 RNA construct. Mouse IFT88/polaris-specific siRNA (5′-CCAACGACCTGGAGATTAA-3′), mouse LC8-specific smart pool siRNA (5′-GGGAACACCUCGUUUGAAU-3 ′, 5 ′-UGUGUUGUGUACAGGGCUU-3 ′, 5 ′-GCACAUGAAACCAAACACU-3 ′, 5 ′-GUUCAAAUCUGGUUAAAAG-3 ′), h u m a n IFT88/polaris-specific smart pool siRNA (5′-AGUAAAGGUGAACGACUAA-3′, 5′-AGGAAGUGCUAGCGGUGAU-3 ′, 5 ′-AGGCAAAUGGAACGUGAAA-3 ′, 5 ′-GAGAAUUAUAUGAUGGUGA-3′), and human Nde1-specific smart pool siRNA (5′-GGACCCAGCUCAAGUUUAA-3 ′, 5 ′-GCGCAGACCAAAGCCAUUA-3 ′, 5 ′-GCUGAAGCCUGUUCUUGGU-3′, 5′-GCAGCACUCUGAAGGCUAC-3′) were obtained from Dharmacon (Thermo scientific).

Immunoblotting {#S15}
--------------

NIH-3T3 and RPE1-hTERT cells were lysed in 1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 10% sucrose, and protease inhibitor cocktail (Roche Applied Science) at 4 °C for 30 min. NE-PER nuclear and cytoplasmic extraction reagents (Thermo scientific) were used in both NIH-3T3 and RPE1-hTERT cells to obtain whole cell lysates, following manufacturer's instructions. Antibodies against Nde1 (Proteintech), IFT88/polaris (gift from Dr. Bradley Yoder), IFT20 (gift from Dr. Greg Pazour), pRB^S807/811^ (Cell signaling technology), pCdc2^Y15^ (Cell signaling technology), cyclin A (Abcam), cyclin E (Abcam), α-tubulin (Sigma-Aldrich) and β-actin (Sigma-Aldrich) were used at a 1:1000 dilution. LC8 (gift from Dr. Steven King or BD transduction laboratory) was used at 1:500. Densitometric quantification of autoradiograms was analyzed by Image J software.

Indirect immunofluorescence {#S16}
---------------------------

Cells grown on glass coverslips were fixed in a 1:1 methanol/acetone, permeabilized in 0.2% Triton X-100 in phosphate buffered saline (PBS), blocked in 2% heat inactivated goat serum/0.2% Triton X-100 in PBS (blocking buffer), and incubated overnight with primary antibodies diluted in blocking buffer at 4 °C. Primary antibody against centrin2 was used at 1:500 (gift from Dr. Jeffrey Salisbury), acetylated α-tubulin at 1:1000 (Sigma-Aldrich), γ-tubulin at 1:1000 (Sigma-Aldrich), Nde1 at 1:250 (Proteintech), Flag at 1:1000 (Sigma-Aldrich), IFT88/Polaris at 1:500 (gift from Dr. Bradley Yoder), c-myc at 1:1000 (Santa Cruz biotechnology) and GM130 at 1:1000 (BD transduction laboratory). Cells were washed three times with PBS and incubated for 2h at 4 °C with appropriate combinations of fluorescence-labeled secondary antibodies at 1:2000 dilution. Secondary antibodies were donkey anti-rabbit Alexa 488, donkey anti-mouse Alexa 568, goat anti-mouse Alexa 488, goat anti-rabbit Alexa 568, donkey anti-mouse Alexa 568, or donkey anti-rabbit Alexa 647 (Molecular Probes Inc.). Excess of secondary antibodies was removed by four washes in PBS. DNA was stained with 5 μg/ml DAPI for 5 min. Coverslips were mounted with ProLong (Molecular Probes), images were acquired with a Leica SP2 MP confocal microscope, and processed with Leica confocal software (LCS Lite) and Adobe Photoshop 6.0.

Stable and transient transfections {#S17}
----------------------------------

NIH-3T3 cells were co-transfected with the mouse Nde1-specific or control shRNAi construct and pEYFP-C1 (BD Biosciences) using Lipofectamine PLUS (Invitrogen) in a 10:1 plasmid concentration ratio, respectively. Stable transfectants were selected in 500 μg/ml G418 and 10 μg/ml blasticidin for 3 weeks. Individual clones were isolated, expanded, and sorted for YFP positive cells using the Influx cell sorter (Cytopeia) to obtain pure populations of Nde1 shRNAi expressing cells. Individual clones were tested for Nde1 expression by immunoblotting and RT-PCR. Transient transfections in NIH-3T3 or RPE1-hTERT cells were done by Lipofectamine PLUS (Invitrogen) or DharmaFECT-Duo (Dharmacon-Thermo Fisher), whereas the calcium phosphate precipitation protocol was used in HEK293T cells.

Retroviral expression {#S18}
---------------------

Recombinant VSV-G pseudotyped retroviruses containing f-hNde1 or GFP were packaged in HEK393T cells by transient co-transfection of *gag-pol*, VSV-G, and pQCXIP (Clontech) containing f-hNde1 or pQCXIN (Clontech) containing GFP. Exponentially growing NIH-3T3^WT^ or NIH-3T3^Nde1-KD2^ cells were infected with recombinant retroviruses for 8 h in the presence of 8 μg/ml polybrene. To ensure expression of f-hNde1 in all infected cells, the f-hNde1 cDNA was cloned in front of an internal ribosome entry site (IRES) followed by the puromycin resistance gene (pQCXIP vector) and infected cells were selected for 12 days in media containing puromycin (1 μg/ml). Pools of puromycin-resistant cells were expanded and expression of f-hNde1 was determined by α-flag or α-Nde1 by both Western blotting and indirect immunofluorescence. GFP positive cells were isolated by cell sorting (Influx cell sorter, Cytopeia). Ciliary length was determined by indirect immunofluorescence using 611B.

Cell cycle analysis {#S19}
-------------------

For analysis of cell DNA content, NIH-3T3 cells were fixed with 70% ethanol or 0.5% formaldehyde (Sigma-Aldrich) and stored in −20°C for no longer than 24h. After fixation, cells were stained with 20 μg/ml propidium iodide (Sigma-Aldrich) plus 200 μg/ml RNAase A (Sigma-Aldrich) in PBS and subjected to flow cytometry analysis. At least 10,000 cells were analyzed per sample using a FACS Calibur® cell cytometer. An alternative form of BrdU, EdU, was pulsed in serum starved or re-stimulated cells, 3 or 6h before fixation according to the manufacturer's instrucutions (Click-iT EdU assay kit, Invitrogen).

Inhibitors {#S20}
----------

For mitotic synchronization, NIH-3T3 or RPE1-hTERT cells were incubated for 12h in DMEM plus 10% calf serum (or fetal bovine serum) with 600 ng/ml nocodazole (Sigma) to arrest dividing cells in metaphase. Loosely attached, mitotic cells were shaken off the culture flask and collected. Next, the cells were washed with PBS to remove nocodazole and re-suspended in complete culture media (10% serum) for recovery. To acutely disrupt actin cytoskeleton, cytochalasin D (Sigma) or DMSO (Sigma) was used at 2.5 nM for 90 min during the 24h of serum starvation.

Zebrafish experiments {#S21}
---------------------

A translation blocking morpholino (MO) (5′-GGCTCTGGGTCA CTCATTGCTGTTC-3′) against endogenous zebrafish *nde1* (accession number: NM_001030203) was designed and obtained from Gene Tools LLC. A volume of 4.6 nl in a concentration of 1 ng/nl *nde1* morpholino was injected into one- to two-cell stage embryos using a nanoliter 2000 microinjector (World Precision Instrments). Full length human *NDE1* cDNA was cloned into pCS2+ for *in vitro* transcription using the SP6 mMessage mMachine Kit (Ambion). 50 pg of mRNA was injected either alone or with *nde1* MO. For immunofluorescence, the embryos were fixed with 4% formaldehyde in PBS at 4°C overnight and transferred to 100% MeOH for 2hrs at −20 °C followed by an overnight incubation at 4°C. After rehydrating the embryos, they were washed in PBS with 0.1% Tween-20 and blocked in PBS-DBT (1xPBS, 1% BSA, 1% DMSO, 10% normal goat serum and 0.1% Tween-20) at room temperature for 2 hours, followed by antibody staining with acetylated α-tubulin (1:1000, Sigma), phosphorylated histone H3 (1:750, Cell Signaling technology), atypical PKC (1:100, Santa Cruz biotechnology), or Nde1 (1:200, Proteintech) at 4 °C overnight. After 30 min, four washes in PBTw (1xPBS/0.1% Tween 20), the embryos were incubated with a goat anti-mouse Alexa Fluor 546 (1:1000, Molecular Probe) and goat anti-rabbit Alexa Fluor 488 (1:1000, Molecular Probes) for 2 hours at room temperature and washed in PBTw. Embryos were rinsed by 100% MeOH and cleared in a benzoyl-alchohol:benzoyl-benzoate (1:2) solution and viewed on a Leica SP2 MP confocal microscope and processed with Leica confocal software (LCS Lite). Ciliary length was measured using ImageJ software. Asymmetric gene expression was determined by whole-mount *in situ* hybridization using a *southpaw* or *myl-7* DIG-UTP at 14 or 48 hpf, respectively.

Statistics {#S22}
----------

Data are presented as mean ± SEM. Statistical difference between groups was determined by unpaired Student's *t* test. Two groups were considered different when *P* value was less than 0.05. *P* values less than 0.001 were indicated ([Fig. 7](#F7){ref-type="fig"}).
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![Depletion of Nde1 induces longer cilia. (**a**) Immunofluorescence staining of centrin2 (green) or Nde1 (red) in NIH-3T3^WT^ cells. (**b**) Expression of endogenous Nde1 in asynchronous cultures of NIH-3T3^WT^ cells (lane 1), NIH-3T3^Nde1-KD1^ (lane 2), NIH-3T3^Nde1-KD2^ (lane 3), or NIH-3T3^KD-con.^ cells (lane 4) (upper panel) or α-tubulin (loading control, lower panel). (**c**) Time course of cilia formation induced by serum starvation in NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells. Cilia or basal bodies were visualized by an antibody against acetylated α-tubulin (red) or γ-tubulin (green). Scale bar, 2.5 μm. (**d**) Average ciliary length of NIH-3T3^WT^ cells at 0 (n=17), 6 (n=20), 12 (n=55), or 24h of serum starvation (n=61) and NIH-3T3^Nde1-KD2^ at 0 (n=21), 6 (n=42), 12 (n=67), and 24h (n=49) of serum starvation. Ciliary length was measured from ciliated cells in each group per time-point from a representative experiment. "\*", *P*\<0.05, Student's *t* test. (**e**) DAPI-, doublecortin (DCX)-, and adenylyl cyclase 3 (ACIII)-labeled freshly dissociated, mouse E18.5 embryonic cortical neurons transiently transfected with GFP or GFP plus an Nde1-specific shRNA. Scale bar: 5 μm. (**f**) Average ciliary length of GFP^+^/DCX^+^ embryonic neurons transiently transfected with GFP alone (n=84) or GFP plus Nde1-specific shRNA (n=76). "\*", *P* \<0.05, Student's *t* test. (**g**) Expression of Nde1 (upper panel) or α-tubulin (lower panel) in untransfected RPE1-hTERT cells (lane 1), RPE1-hTERT cells transiently transfected with a control siRNA for 48h (lane 2), human Nde1-specific siRNA (hNde1 siRNA) for 24h (lane 3), or hNde1 siRNA for 48h (lane 4). (**h**) RPE1-hTERT cells transiently transfected with siRNA control (Scm.^control^) or siRNA targeting human Nde1 (hNde1^KD^) were double-stained with antibodies against γ-tubulin (red) and acetylated α-tubulin (green) following 24h serum starvation. Scale bar, 10 μm. (**i**) Average ciliary length of Scm.^control^ at 0 (n=20), 12 (n=46), or 24h (n=54) of serum starvation and hNde1^KD^ RPE1-hTERT cells at 0 (n=80), 12 (n=80), and 24h (n=116) of serum starvation. Quantification was obtained from ciliated cells. "\*",*P* \<0.05, Student's *t* test. (**j**) Percentage of Ki-67 positive Scm.^control^ or hNde1^KD^ RPE1-hTERT cells synchronized in mitosis by nocodazole treatment (M sync.), followed by a 6h recovery in complete media (0h of serum starvation), followed by serum starvation for 12h or 24h (n=3 independent experiments).](nihms266939f1){#F1}

![Expression of flag-tagged human Nde1 (f-hNde1) rescues abnormally long cilia in NIH-3T3^Nde1-KD2^ cells. (**a**) Expression levels of f-hNde1 in NIH-3T3^Nde1-KD2^ cells. Lysates of NIH-3T3^WT^ cells stably expressing GFP (NIH-3T3^WT^ Mock), NIH-3T3^Nde1-KD2^ cells stably expressing GFP (NIH-3T3^Nde1-KD2^ Mock) or NIH-3T3^Nde1-KD2^ cells stably expressing f-hNde1 (NIH-3T3^Nde1-KD2^ hNde1) were immunoblotted for Nde1 and α-tubulin as loading control (upper panel) or α-flag (lower panel). (**b**) Average ciliary length of NIH-3T3^WT^ cells stably expressing GFP (NIH-3T3^WT^ Mock; n=57), NIH-3T3^Nde1-KD2^ stably expressing GFP (NIH-3T3^Nde1-KD2^ Mock; n=78), or NIH-3T3^Nde1-KD2^ stably expressing f-hNde1 (NIH-3T3^Nde1-KD2^ hNde1; n=100) following serum starvation for 24h. (**c**) Cilia staining in mock-infected NIH-3T3^WT^ (*a*) and NIH-3T3^Nde1-KD2^ cells (*b*), or f-hNde1-infected NIH-3T3^Nde1-KD2^ cells (*c*-*l*). Antibody against acetylated α-tubulin was used to visualize cilia (*a-l*), antibody against flag to detect f-hNde1 (*c*-*g*), and antibody to γ-tubulin to visualize the basal body (*a*, *b*, and *h*-*l*). Note that ciliary morphology and length changed according to the amount of f-hNde1 expressed (*c*-*g*). (Inset) Schematic representation of the dosage-dependent effect of f-hNde1 on ciliary length and morphology. Low levels of f-hNde1 converted abnormally long cilia back to cilia of normal size (compare *a* with *c*), while moderate or high levels of f-hNde1 resulted in bulged (*d-f*) or stumpy cilia (*g*), respectively. Scale bar, 2.5 μm. (**d**) RPE1-hTERT cells were transiently transfected with f-hNde1 and recovered for 48h followed by an additional 24h of serum starvation. Cells were double-stained with antibodies raised against the flag epitope (red) or acetylated α-tubulin (green). (**e**) Schematic representation of full length Nde1. Coiled-coil domains are shown as grey boxes (18--85 and 90--188). (**f**) Myc-tagged Nde1^(L135P,F138P)^ (Nde1^(L135P,\ F138P)^-myc) was transiently transfected into NIH-3T3^WT^ cells. Cells were serum starved for 24h and double-stained with antibodies raised against acetylated α-tubulin (green) or the myc epitope (red). Scale bar, 7 μm. (**g**) Summary of structure-function analysis.](nihms266939f2){#F2}

![Nde1 suppresses ciliogenesis through LC8. (**a**) Overexpression of LC8 suppresses the effect of transfected Nde1 on ciliogenesis. NIH-3T3^WT^ cells were transiently co-transfected with wild type Nde1-myc and flag tagged LC8 (f-LC8) at plasmid ratios of 9:1 and 1:9. Co-transfection of Nde1-myc and flag tagged bacterial alkaline phosphatase (f-BAP) in a plasmid ratio of 1:9 was used as control. Scale bar, 7 μm. (**b**) Expression levels of LC8 (upper panel) or α-tubulin (loading control, lower panel) in NIH-3T3^WT^ cells transiently transfected with f-LC8 (f-LC8^OE^, lane 1), a control siRNA (Scm.^control^, lane 2), or a mouse LC8-specific siRNA (LC8^KD^, lane 3). (**c**) Depletion of LC8 suppresses ciliogenesis. NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells were transiently transfected with LC8-specific siRNA (LC8^KD^) and double-stained with antibodies against γ-tubulin (red) and acetylated α-tubulin (green), following 24h of serum starvation. Scale bar, 10 μm. (**d**) Overexpression of LC8 promotes cilium formation. NIH-3T3^WT^ cells were transiently transfected with f-LC8 (f-LC8^OE^) and double stained with an antibody raised against the flag epitope (f-LC8, red) or acetylated α-tubulin (green). Scale bar, 10 μm. (**e** and **f**) Quantification of ciliary length (e) or ciliation (f) of untransfected NIH-3T3^WT^ cells (n=35), transiently transfected with f-LC8 (f-LC8^OE^, n=76), or LC8-specific siRNA (hNde1^KD^, n=44). Ciliary length was measured from ciliated cells and percentage of ciliated cells was obtained from three independent experiments (n=3). "\*", *P* \<0.05, Student's *t* test. (**g** and **h**) Artificial tethering of LC8 at the basal body suppresses cilia formation. GFP-PACT (green, g) or GFP-PACT-LC8/BS (green, h) was transiently expressed in NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells, followed by immunofluorescence staining with γ-tubulin (yellow) or acetylated α-tubulin (red). While both constructs were targeted specifically to the basal body, only GFP-PACT-LC8/BS caused the formation of bulged or stumpy cilia. Scale bar, 10 μm. (**i**) Schematic diagram summarizing the functional role of Nde1-LC8 interaction in ciliogenesis. Sequestration of LC8 at the basal body suppresses cilia formation, whereas increase of unbound LC8 at the basal body promotes cilia formation.](nihms266939f3){#F3}

![Nde1 expression inversely correlates with ciliogenesis. (**a** and **c**) Centriolar expression of Nde1 decreases upon ciliation. RPE1-hTERT (a) or NIH-3T3^WT^ (c) cells were serum-starved for the indicated time points. Nde1 (red) or acetylated α-tubulin (green) was visualized by indirect immunofluorescence. Arrows indicate Nde1 localization. Scale bar, 10 μm (a). Scale bar, 2.5 μm (c). (**b** and **d**) Quantification of fluorescence intensity ratio of Nde1/γ-tubulin (red/green) signals at the centrosome at 0 (n=128), 12 (n=140) or 24h (n=201) of serum starvation. Fluorescence intensity of coinciding green or red pixels within the boxed area (inset) was measured in a projection of z series collected in 0.5 μm intervals. The range of fluorescence intensity per pixel in box was from 0--255 (n is indicated on graph). (**e**) Cell cycle dependent regulation of Nde1 expression. Asynchronously proliferating NIH-3T3^WT^ cells (lane 1, Asyn.) were serum starved for 12h (lane 2, 12h serum −), and 24h (lane 3, 24h serum −), followed by serum re-stimulation for 6h (lane 4, 6h serum +), and 12h (lane 5, 12h serum +). Phosphorylation levels of RB (pRB^S807/811^) and Cdc2 (pCdc2^Y15^) or levels of cyclin A, cyclin E, and Nde1 were determined by immunoblotting. α-tubulin was used as a loading control. (**f**) Nde1 levels decrease as cells exit mitosis. Cell cycle analysis of NIH-3T3^WT^ cells synchronized in mitosis by nocodazole treatment (600ng/ml) for 12h (0h), followed by wash and release into complete media (10% calf serum) for 0.5, 1, 2, or 4h (inset). Lysates from cells arrested in mitosis (0h, lane 1), cells released from mitosis for 0.5 (lane 2), 1 (lane 3), 2 (lane 4), or 4 h (lane 5) were immunoblotted with antibodies against Nde1 (upper panel) or β-actin (lower panel). (**g**) Schematic diagram of Nde1 expression during the cell cycle and ciliogenesis.](nihms266939f4){#F4}

![Nde1 depletion causes a delay in cell cycle re-entry. (**a**) NIH-3T3^WT^ and NIH-3T3^Nde1-KD2^ cells were arrested in G0 by 24h serum starvation (0h serum +) and induced to re-enter the cell cycle by serum re-stimulation for 12h (12h serum +). Cells were pulse-labeled with EdU and immunostained with antibodies against γ-tubulin (green), acetylated α-tubulin (red), and EdU (green, inset). For illustration purposes, EdU labeling is shown as a 25% reduction of the projected image. Arrows indicate EdU-labeled cells. Scale bar, 2.5 μm. (**b**) Percentage of EdU-positive NIH-3T3^WT^ (black) or NIH-3T3^Nde1-KD2^ (gray) cells following serum re-stimulation (n=3 independent experiments). "\*", *P* \<0.05. Student's *t* test. (**c**) Ciliary length of NIH-3T3^WT^ (black) at 0 (n=43) or 12h (n=67) of serum re-stimulation and NIH-3T3^Nde1-KD2^ (gray) at 0 (n=57) or 12 h (n=78) of serum re-stimulation. "\*", *P* \<0.05. Student's *t* test. (**d**) Percentage of ciliated NIH-3T3^WT^ (black bar) or NIH-3T3^Nde1-KD2^ (gray bar) cells following serum re-stimulation (n=3 independent experiments). "\*", *P* \<0.05. Student's *t* test. (**e**) Ciliary length of EdU-positive NIH-3T3^WT^ (black, n=21) or NIH-3T3^Nde1-KD2^ (gray, n=32) cells following serum re-stimulation. "\*", *P* \<0.05. Student's *t* test. (**f**) Scm.^control^ or hNde1^KD^ RPE1-hTERT cells were immunostained with antibodies against γ-tubulin (green), acetylated α-tubulin (red), and EdU (green, inset). Arrows indicate EdU-labeled cells. Scale bar, 10 μm. (**g**) Percentage of Scm.^control^ (gray) or hNde1^KD^ (white) RPE1-hTERT cells labeled with EdU at 24h following serum starvation (0h serum +), 12h (12h serum +), and 24h following serum re-stimulation (24h serum +) (n=3 independent experiments). "\*", *P* \<0.05. Student's *t* test. (**h**) Phospho-RB (pRB^S807/811^) and cyclin A levels in Scm.^control^ (lanes 1, 3, 5, and 7) and hNde1^KD^ RPE1-hTERT cells (lanes, 2, 4, 6, and 8) at 6h, 12h, 18h, and 24h following serum re-stimulation (serum +). α-tubulin was used as loading control. (**i**) Ciliary length of RPE1-hTERT Scm.^control^ (gray) at 0 (n=109), 12 (n=109), or 24h (n=117) of serum re-stimulation and hNde1^KD^ (white) at 0 (n=110), 12 (112), or 24h (n=125) of serum re-stimulation. "\*", *P* \<0.05. Student's *t* test. (**j**) Percentage of ciliated Scm.^control^ or hNde1^KD^ RPE1-hTERT cells following serum re-stimulation (n=3 independent experiments). "\*", *P*\<0.05. Student's *t* test.](nihms266939f5){#F5}

![Knockdown of Nde1 causes a cilium-dependent delay in cell cycle re-entry. (**a**) Expression levels of Nde1 and IFT20 (upper panel) or α-tubulin (loading control, lower panel) in untransfected RPE1-hTERT cells (lane 1), RPE1-hTERT cells stably expressing an shRNAi construct targeting IFT20 (IFT20^KD^) transiently transfected with an siRNA against hNde1 (lane 2), or IFT20^KD^ cells (lane 3). (**b**) Expression levels of IFT88/polaris (upper panel), Nde1 (middle panel), or α-tubulin (loading control, lower panel) in untransfected RPE1-hTERT cells (lane 1), transiently transfected with a siRNA against hNde1 (lane 2), siRNA against iFT88/polaris (lane 3), or both siRNAs for hNde1 and IFT88/polaris (lane 4). (**c**) RPE1-hTERT IFT20^KD^ (IFT20^KD^), IFT20/hNde1^KD^, IFT88^KD^, or IFT88/hNde1^KD^ cells were double stained with antibodies against γ-tubulin (green) or acetylated α-tubulin (red). (**d**) Cilia length distribution of RPE1-hTERT Scm.^control^, hNde1^KD^, IFT20^KD^, IFT20/hNde1^KD^, IFT88^KD^, and IFT88/hNde1^KD^ cells. Overall percentile of ciliation is shown next to legend. (**e**) RPE1-hTERT cells transfected with a control siRNA (Scm.^control^) or hNde1 siRNA (hNde1^KD^) were treated with Cytochalasin D (Scm.^control^ CD or hNde1^KD^ CD) and immunostained with antibodies against γ-tubulin (green) or acetylated α-tubulin (red). (**f**) Cilia length distribution of Scm.^control^, hNde1^KD^, Scm.^control^ CD, or hNde1^KD^ CD cells. (**g**) Time course of cell cycle re-entry of Scm.^control^, hNde1^KD^, IFT88^KD^, IFT88/hNde1^KD^, IFT20^KD^, IFT20^KD^/hNde1^KD^, Scm.^control^ CD, and hNde1^KD^ CD RPE1-hTERT cells in response to serum re-stimulation. (n=3 independent experiments). (**h**) Time course of cell cycle re-entry of NIH-3T3^WT^ cells transfected with a control siRNA (NIH-3T3^WT^ Scm.^control^) or IFT88/polaris-specific siRNA (NIH-3T3^WT^ IFT88^KD^) and NIH-3T3^Nde1-KD2^ cells transiently transfected with control scrambled siRNA (NIH-3T3^Nde1-KD2^ Scm.^control^) or IFT88/polaris-specific siRNA (NIH-3T3^Nde1-KD2^ IFT88^KD^). (n=3 independent experiments). (**i**) Rab8a^Q67L^-GFP induces long cilia in NIH-3T3^WT^ cells. GFP- or Rab8a^Q67L^-GFP -- transfected NIH-3T3^WT^ cells were stained for γ-tubulin (yellow or green) or acetylated α-tubulin (red). Scale bars, 10 μm. (**j**) Time course of cell cycle re-entry of NIH-3T3^WT^ GFP^control^ or NIH-3T3^WT^ Rab8a^Q67L^-GFP) cells in response to serum re-stimulation. (n=3 independent experiments).](nihms266939f6){#F6}

![Depletion of *nde1* in zebrafish leads to longer cilia and smaller Kupffer's vesicle. (**a**) Average ciliary length at 10 somite stages (ss) of wild-type zebrafish embryos (control; n=75), embryos injected with *nde1* morpholino (*nde1* MO; n=100), or co-injected with *nde1* morpholino and human *NDE1* cap mRNA (rescue; n=87). "\*",*P* \<0.001. Student's *t* test. (**b**) Whole-mount immunofluorescence staining of cilia at the Kupffer's vesicle at 6 or 10ss embryos using acetylated α-tubulin (green) and atypical PKC (aPKC, red) in wild type (WT) embryos (left panels) or *nde1* MO (right panels). Scale bars, 10 μm. (**c**) Average ciliary length in Kupffer's vesicle of WT at 6 (n=232) or 10ss (n=241) embryos and *nde1* MO at 6 (n=171) or 10ss (n=182) embryos. n represents ciliated cells from 6--10 embryos per group. "\*", *P* \<0.05. Student's *t* test. (**d**) Number of cells in the Kupffer's vesicle in WT (black bar) at 6 (n=23) or 10ss (n=29) and *nde1* MO (gray bar) at 6 (n=24) or 10ss (n=27) embryos. "\*", *P* \<0.05. Student's *t* test. (**e**) Percentage of ciliated cells in the Kupffer's vesicle of WT (black bar) or *nde1* MO (gray bar) at 6 and 10ss. (n=3 independent experiments). (**f**) Whole-mount immunofluorescence staining of the Kupffer's vesicle of 10ss WT and *nde1* MO with antibodies against phosphorylated histone H3 (pH3, green) or atypical PKC (aPKC, red). Scale bars, 10 μm. (**g**) Percentage of pH3-positive cells in the Kupffer's vesicle of 10ss WT (black bar) and *nde1* MO (gray bar). (n=3 independent experiments). "\*", *P* \<0.001. Student's *t* test. (**h**) Percentage of embryos in wild-type (control), *nde1* MO, or human *NDE1* mRNA plus *nde1* MO co-injected embryos (rescue) with no expression of *southpaw* (Absent), expression at the right side (Right), left side (Left), or expression on both sides (Bilateral) of the lateral plate mesoderm at 14 hpf. Dorsal view of *southpaw* mRNA at 14 hpf. (**i**) Percentage of embryos in each group with no looping (No loop), leftward (Left), or rightward looping (Right) of the heart tube at 48 hpf determined by the expression pattern of *myl-7* mRNA. Laterality defects are manifested as non-looping (No Loop) or leftward looping (Left), whereas wild-type embryos show rightward looping of the heart (Right).](nihms266939f7){#F7}
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